Although many potential mutations within proteins modulate each other's effects 1-4 , the 1 extent to which these epistatic interactions influenced the fitness effects of the sequence 2 changes that actually occurred during historical evolution -and thus made molecular 3 evolution contingent and irreversible -is controversial 5-16 . We addressed this question 4 directly by precisely measuring the fitness effects in both extant and reconstructed 5 ancestral sequence contexts of all historical amino acid substitutions that occurred during 6 the billion-year evolutionary history of the heat shock protein 90 (Hsp90) ATPase domain 7 beginning from a deep eukaryotic ancestor to modern Saccharomyces cerevisiae. We find a 8 pervasive influence of epistasis on historical sequence evolution: the majority of the 98 9 derived states that evolved during history were deleterious at times before they happened, 10 and the vast majority also became subsequently entrenched 6 , with the ancestral state 11 becoming deleterious after its substitution. A few of these epistatic interactions were of 12 massive fitness consequence, but the majority were of small but evolutionarily relevant 13 effect size. We find that both the large-and small-effect epistasis were largely caused by 14 specific interactions among sites rather than a general permissive or restrictive effect 17 . 15
extent to which epistasis-induced contingency and entrenchment have affected protein sequence 24 evolution remains controversial, because there is no consensus on the prevalence, effect size, or 25 mechanisms of epistasis among historical substitutions. Historical case studies have shown that 26 particular substitutions were contingent [18] [19] [20] [21] or entrenched 22 , but whether these are examples of a 27 general phenomenon is unknown. Computational analyses suggest pervasive contingency and 28 entrenchment among substitutions 5, 6, 9, 11, 12, 23, 24 , but some of these approaches rely on models of 29 uncertain adequacy 7, 10, 13 , and their claims have not been experimentally tested. Swapping 30 sequence states among extant orthologs reveals frequent epistasis among substitutions 14 , but this 31 "horizontal" approach, unpolarized with respect to time, leaves unresolved whether permissive 32 or restrictive interactions are at play 25 . Some experimental studies have examined epistasis 33 among substitutions in an historical context, but they have measured effects on protein 34 function 14, 15 or stability 7, 8 or have focused on large-effect interactions 16 , leaving epistatic 35 modulations of effects on fitness, particularly those of relatively small magnitude, unexamined. 36 We directly evaluated the roles of contingency and entrenchment on historical sequence 37 evolution by precisely quantifying changes over time in the fitness effects of all substitutions that 38 accumulated during the long-term evolution of heat shock protein 90 (Hsp90) from a deep 39 eukaryotic ancestor to S. cerevisiae. We used a deep sequencing-based bulk fitness assay to 40 characterize protein libraries in which each ancestral amino acid is reintroduced into an extant 41
Hsp90 at all substituted sites and each derived state is introduced into a reconstructed ancestral 42
Hsp90. Hsp90 is an essential molecular chaperone that facilitates folding and regulation of 43 substrate proteins through an ATP-dependent cycle of conformational changes, modulated by co-44 chaperone proteins. Orthologs from other fungi, animals, and protists can complement Hsp90 45 deletion in S. cerevisiae 26, 27 , indicating that the protein's essential molecular function is conserved over large evolutionary distances. We focused our experiments on the N-terminal domain (NTD) of Hsp90, which mediates ATP-dependent conformational changes. 48 We first reconstructed the historical trajectory of Hsp90 sequence evolution. We inferred 49 the maximum likelihood phylogeny of Hsp90 protein sequences from 267 species of Amorphea 50 (the clade comprising Fungi, Metazoa, Amoebozoa, and related lineages 28 ), rooted using green 51 algae and plants as an outgroup (Fig. 1a , Extended Data Fig. 1 , Supplementary Data Table 1 &  52 File 1,2). We inferred ancestral sequences at all nodes along the trajectory from the common 53 ancestor of Amorphea (ancAmoHsp90) to extant S. cerevisiae (ScHsp90) and identified 54 substitutions as differences between the most probable reconstructions at successive nodes 55 (Supplementary Data File 3). Along this entire trajectory, substitutions occurred at 72 of the 221 56 sites in the NTD; because of multiple substitutions, 98 unique ancestral amino acid states existed 57 at these sites at some point in the past and have since been replaced by the ScHsp90 state 58 (Supplementary Data File 3). The vast majority of these 98 ancestral states are reconstructed 59 with high confidence (posterior probability >0.95) in one or more ancestors along the trajectory 60 ( Fig. 1b) , and every ancestral sequence has a mean posterior probability across sites of >0.95 61 (Extended Data Fig. 2a-c) . 62
To measure the fitness effects of ancestral amino acids when re-introduced into an extant 63
Hsp90, we created a library of ScHsp90 NTD variants, each of which contains one of the 98 64 ancestral states (Extended Data Fig. 3a ). We determined the per-generation selection coefficient 65 (s, log relative fitness) of each mutation to an ancestral state relative to ScHsp90 via bulk 66 competition monitored by deep sequencing (Extended Data Fig. 3a ), a technique with highly 67 reproducible results (Extended Data Fig. 3b ,c). We found that the vast majority of reversions to 68 ancestral states in ScHsp90 are deleterious ( Fig. 1c ): after accounting for experimental noise in 69 fitness measurements, an estimated 93% of all ancestral states reduce ScHsp90 fitness (95% CI 70 83% to 100%; Extended Data Fig. 4 ). Two ancestral states cause very strong fitness defects (s = -71 0.38 and -0.54), but the typical reversion is mildly deleterious (median s = -0.010, Fig. 1c ), a 72 conclusion that is robust to excluding ancestral states that are reconstructed with any statistical 73 ambiguity. The magnitude of each mutation's negative effect on fitness correlates with indicators 74 of site-specific evolutionary, structural, and functional constraint, corroborating the view that 75 they are authentically deleterious (Extended Data Fig. 5 ). These results do not imply that 76 reversions can never happen-12 sites did undergo substitution and reversion from 77 ancAmoHsp90 to ScHsp90. Rather, our observations indicate that at the current moment in time, 78 the vast majority of ancestral states are selectively inaccessible, irrespective of whether they 79 were available at some moment in the past or might become so in the future. 80
Reversions to ancestral states might be deleterious because the derived states were 81 entrenched by subsequent substitutions within Hsp90 (intramolecular epistasis) 5, 6 ; they might 82 also be incompatible with derived states at other loci in the S. cerevisiae genome (intermolecular 83 epistasis), or the derived state might unconditionally increase fitness. Entrenchment because of 84 intramolecular epistasis predicts that introducing into ScHsp90 sets of deleterious ancestral states 85 that existed together at ancestral nodes should not reduce fitness as drastically as predicted from 86 the individual mutations' effects. We therefore reconstructed complete ancestral NTDs from two 87 widely spaced ancestral Hsp90s on the phylogenetic trajectory ( Fig. 2a ) and assayed their 88 relative fitness in S. cerevisiae. The first, ancAmoHsp90 (estimated age ~1 billion years) differs 89 from ScHsp90 at 60 sites; if the fitness effects of the ancestral states when combined were the 90 same as when introduced individually, they would confer an expected fitness of just 0.23 (95% 91 CI 0.21 to 0.26; Fig. 2b , Extended Data Fig. 6a ). When introduced together, however, the actual 92 fitness is 0.96 ( Fig. 2d , Extended Data Fig. 2d, 6a ). The second reconstruction, ancAscoHsp90, 93 from the ancestor of Ascomycota fungi (estimated age ~450 million years) differs from ScHsp90 94 at 42 sites and has expected fitness 0.65 (95% CI 0.61 to 0.69; Fig. 2b , Extended Data Fig. 6a ), 95 but its actual fitness is 0.99 ( Fig. 2d , Extended Data Fig. 2d, 6a ). The near-universal fitness 96 defects we observed when individual ancestral states were introduced into the extant ScHsp90 97 are therefore caused almost entirely by intramolecular epistasis: derived states that emerged 98 along the Hsp90 trajectory have been entrenched by subsequent substitutions within the same 99 protein, which closed the direct path back to the ancestral amino acid without causing major 100 changes in function or fitness 6 . 101
We next determined whether paths to derived states were contingent on prior permissive 102 substitutions during the protein's evolutionary history. We constructed a library of variants of 103 ancAmoHsp90, the deepest ancestor of the trajectory, each of which contains one of the 98 104 forward mutations to a derived state. We cloned this library into yeast and used our deep 105 sequencing-based bulk fitness assay to measure the selection coefficient of each mutation 106 relative to ancAmoHsp90 (Extended Data Fig. 3d ,e). We found that most mutations to derived 107 states were selectively unfavorable ( Fig. 3a ): after accounting for experimental noise in fitness 108 measurements, an estimated 53% of derived states reduce ancAmoHsp90 fitness (95% CI 27% to 109 96%), and 32% are neutral (CI 0% to 59%; Extended Data Fig. 7 ). Fifteen percent of the derived 110 states are beneficial in our assay (95% CI 3% to 57%), which could be because they are 111 unconditionally advantageous or because of epistatic interactions with other loci in the yeast 112 system we used for our fitness assay. Two derived states had very strong fitness defects, but the 113 typical derived state is weakly deleterious (median s = -0.005, Fig. 3a ). As with the reversions to 114 ancestral states, the effect of all the individual derived states, as measured in the ancestral 115 background, predicts fitness consequences far greater than observed when the derived states are 116 combined into the Hsp90 genotypes that occurred along the phylogeny ( Fig. 2c,d , Extended Data 117 Fig. 6b ). Thus, most derived states would have been deleterious if they had occurred in the 118 ancestral background, but they became accessible following subsequent permissive substitutions 119 that occurred within Hsp90. The data from the two libraries, taken together, indicate that 83% of 120 the amino acid states that occurred along this evolutionary trajectory were contingent on prior 121 permissive substitutions, entrenched by subsequent restrictive substitutions, or both ( Fig. 3b ). 122
Epistatic effects on fitness can emerge from specific genetic interactions between 123 substitutions that directly modify each other's effect on some important molecular property, or 124 from nonspecific interactions between substitutions that are additive with respect to bulk 125 molecular properties (e.g. stability 15, 29 ) if those properties nonlinearly affect fitness 17, 30 . To 126 explore which type of epistasis predominates in the long-term evolution of Hsp90, we first 127 investigated the two strongest cases of entrenchment, the strongly deleterious reversions V23f 128 and E7a (with upper-case letters indicating the ScHsp90 state and lower-case the ancestral 129 states). We sought candidate restrictive substitutions for each of these large-effect reversions by 130 examining patterns of phylogenetic co-occurrence. Substitution f23V occurred not only along the 131 trajectory from ancAmoHsp90 to ScHsp90 but also in parallel on another fungal lineage; in both 132 cases, candidate epistatic substitution i378L co-occurred on the same branch (Extended Data Fig.  133 8a,b). As predicted if i378L entrenched f23V, we found that introducing the ancestral state i378 134 in ScHsp90 relieves the deleterious effect of the ancestral state f23 (Fig. 4a ). These two residues 135 directly interact in the protein's tertiary structure to position a key residue in the ATPase active 136 site (Extended Data Fig. 8c,d ). In the case of E7a, the other strongly deleterious reversion in 137 ScHsp90, the ancestral state was actually reacquired in a closely related fungal lineage; on this branch, two candidate epistatic modifiers that occurred previously (n13T and a151N) either 139 reverted or were further modified on the same branch (Extended Data Fig. 9a ,b,c). As predicted, 140 experimentally introducing the ancestral states n13 or a151 into ScHsp90 relieves much of the 141 fitness defect caused by the ancestral state a7, indicating that substitutions n13T and a151N 142 entrenched a7E (Fig. 4b) . These three sites are on interacting secondary structural elements that 143 are conformationally rearranged when Hsp90 converts between ADP-and ATP-bound states. 144 (Extended Data Fig. 9d,e ). To test whether these modifiers specifically restrict particular 145 substitutions or are general epistatic modifiers, we asked whether the restrictive substitutions that 146 entrenched one substitution also modify the effects of the other 15 . As predicted if the interactions 147 among these sets of substitutions are specific, introducing L378i does not ameliorate the fitness 148 defect caused by E7a, and introducing T13n or N151a does not ameliorate the fitness defect 149 caused by V23f ( Fig. 4c,d) . These data indicate that specific biochemical mechanisms underlie 150 the restrictive interactions for these large-effect examples of epistatic entrenchment. 151
Finally, we investigated whether the epistatic interactions among the large set of small-152 effect substitutions in this trajectory are also specific or the nonspecific result of a threshold-like 153 relationship between fitness and some bulk property such as stability 15, 29 . If epistasis is mediated 154 by a nonspecific threshold relationship, mutations that decrease fitness in one background will 155 never be beneficial in another, although they can be neutral if buffered by the threshold (Fig.  156 4e) 7, 15, 16 . In contrast, specific interactions can switch the sign of a mutation's selection 157 coefficient in different sequence contexts ( Fig. 4f) 17 . As predicted under specific epistasis, we 158 found that for many differences between ancAmoHsp90 and ScHsp90 (65%), the ancestral state 159 confers increased fitness relative to the derived state in the ancestral background but decreases it 160 in the extant background ( Fig. 4g ). Further, selection coefficients are negatively correlated between backgrounds (P=0.009), indicating that the substitutions that have become most 162 entrenched in the present also required the strongest permissive effect in the past. This pattern is 163 expected if the structural constraints that determine the selective cost of having a suboptimal 164 state at some site are conserved over time, but the specific states preferred at the site depend on 165 the broader protein sequence context. 166
The widespread and specific epistasis that we observed took place over the course of a 167 billion years during which function and fitness were conserved. The fraction of historical 168 substitutions in Hsp90 that were either contingent on permissive substitutions or entrenched by 169 restrictive substitutions -about 83% -is considerably higher than suggested by previous 170 experimental studies 8, 14, 15 , and some computational analyses 23 , rivaling some of the highest 171 estimates from computational modeling 6, 9, 12 . One explanation for the greater prevalence of 172 epistatic interactions that we observed may be our method's capacity to detect much smaller 173 fitness deficits than have been discernable in previous experimental studies. Another difference 174 from previous research is that we observed primarily specific epistasis, whereas several studies 175 have found a dominant role for nonspecific epistasis, particularly in short-term viral evolution 7,15 . 176 This difference could be attributable to a difference in selective regime or in time scale: the 177 epistatic constraints caused by specific interactions are expected to be maintained over far longer 178 periods of time than those caused by nonspecific interactions, which are easily replaced by other 179 substitutions because of the many-to-many relationship between permissive and permitted amino 180 acid states 7, 17 . Gibson Assembly. AncAmoHsp90 also carries an additional reversion to the ancAmorphea state 226 at site 378 in the middle domain (Extended Data Fig. 2d ), which is part of a loop that extends 227 down and interacts with ATP and the NTD 44, 45 . 228
Generating mutant libraries. ScHsp90 and ancAmoHsp90 gene constructs were 229 expressed from the p414ADHΔTer plasmid 46 amounts of the transformation reaction were grown overnight and the colony forming units in 247 each culture were assessed by plating a small fraction. We isolated DNA from the transformation 248 that contained approximately 10-20 fold more colony-forming units than mutants, with the goal 249 that each mutant would be represented by 10-20 unique barcodes. 250
To associate barcodes with Hsp90 mutant alleles, we conducted paired end sequencing of 251 each library using primers that read the N18 barcode in the first read and the Hsp90 NTD in the 252 other ( Supplementary Data Table 2 ). To generate short DNA fragments from the plasmid library 253 that would be efficiently sequenced, we excised the gene region between the NTD and the N18 254 barcode via restriction digest, followed by blunt ending with T4 DNA polymerase (NEB) and 255 plasmid ligation at a low concentration (3 ng/µL) that favors circularization over bi-molecular 256 ligations. The resulting DNA was re-linearized by restriction digest, and Illumina adapter 257 sequences were added via an 11-cycle PCR (Supplementary Data Table 2 ). The resulting PCR 258 products were sequenced using an Illumina MiSeq instrument with asymmetric reads of 50 bases 259 and 250 bases for Read1 and Read2 respectively. After filtering low quality reads (Phred scores 260 < 10), the data were organized by barcode sequence. For each barcode that was read more than 3 261 times, we generated a consensus sequence of the N-domain indicating the mutation that it 262 contained.
Bulk growth competitions. For bulk fitness assessments, we transformed S. cerevisiae 264
with the ScHsp90 library along with wildtype ScHsp90 and a no-insert control; we also 265 transformed S. cerevisiae with the ancAmoHsp90 library along with wildtype ScHsp90, wildtype 266 ancAmoHsp90, and a no-insert control. Concentrations of plasmids were adjusted to yield a 267 2:6:1 molar ratio of wildtype: no-insert control: average library variant. Plasmid libraries and 268 corresponding controls were transformed into the DBY288 Hsp90 shutoff strain 48, 49 , resulting in 269 ~150,000 unique yeast transformants representing 50-fold sampling for the average barcode. Table 2 ). Identifiers were designed so that each differed by 287 more than two bases from all others to avoid misattributions due to sequencing errors. PCR 288 products were purified two times over silica columns (Zymo research), and quantified using the 289 KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) on a Bio-Rad CFX machine. 290
Samples were pooled and sequenced on an Illumina NextSeq (ancAmoHsp90 library) or HiSeq 291 2000 (ScHsp90 library) instrument in single-end 100 bp mode. 292
Analysis of bulk competition sequencing data. Illumina sequence reads were filtered 293
for Phred scores >20, strict matching of the sequence of the intervening bases to the template, 294 and strict matching of the N18 barcode and experimental identifier to those that were expected in 295 the given library. Reads that passed these filters were parsed based on the identifier sequence. 296
For each identifier, the data was condensed by generating a count of each unique N18 read. The 297 unique N18 count file was then used to identify the frequency of each mutant using the variant-298 barcode association table. For each library variant, the counts of each associated barcode were 299 summed to generate a cumulative count for that mutant. 300
Determination of selection coefficient. The ratio of the frequency of each library variant 301 relative to wildtype (ancAmoHsp90 or ScHsp90) was determined at each time point, and the 302 slope of the logarithm of this ratio versus time (in number of generations) was determined as the 303 raw per-generation selection coefficient (s) 51 : 304
where n m and n wt are the number of sequence reads of mutant and wildtype, respectively, and 306 time is measured in number of wildtype generations. No-insert plasmid selection coefficients 307 were determined from the first three time points because their counts drop rapidly over time. 308
Mutants with selection coefficients within three standard deviations of the mean of no-insert variants were considered null-like and also analyzed based on the first three time points. For all 310 other variants, selection coefficients were determined from all time points. Final selection 311 coefficients for each variant were scaled in relative fitness space (w = e s ) such that the Hsp90 312 null allele, which is lethal, has a relative fitness of 0 (s = -¥) 52 . 313
Generation of individual mutants and monoculture analysis of yeast growth. To 314 measure the relative fitness of ancAscoHsp90, mutations missed in the bulk libraries, and 315 genotypes in mutant cycles that we sought to test in combination for epistatic interactions, we 316 assayed growth rate in monoculture and related this to fitness, which assumes the relative rate of 317 growth of two genotypes is the same in isolation as in direct competition 51 . The growth rate of 318 individually cloned mutants was estimated over 30 hours of growth with periodic dilution to 319 maintain log-phase growth, as per Jiang et al. 46 . Growth rates were determined as the slope of the 320 linear model relating the log-transformed dilution-corrected cell density to time. The growth rate 321 was converted to an estimate of the selection coefficient by taking the difference in growth rate 322 (Malthusian parameter) between mutant and wildtype and multiplying this by the wildtype 323 generation time 51 , then rescaling selection coefficients in relative fitness space such that a null 324 mutant has relative fitness 0 (s = -¥). 325
We assessed relative fitness for six genotypes (ScHsp90+E7a, ScHsp90+V23f, 326 ScHsp90+N151a, ScHsp90+T13n, ancAmoHsp90, and ancAmoHsp90+i378L) both by 327 monoculture and by bulk competition; these two measures are well correlated (Pearson R 2 = 328 0.95), although the magnitude of a fitness defect is smaller when measured by monoculture 329 growth assays (Extended Data Fig. 3f ). Individual mutants of ancAmoHsp90 and ScHsp90 were 330 generated in the p414ADHΔTer background by Quikchange site-directed mutagenesis 331 (Supplementary Data Table 2 ), confirmed by Sanger sequencing. Mutations that were generated and assayed in ancAmoHsp90 (with number of replicate measurements in parentheses) include: 333 S49A (n=1), T137I (n=1), V147I (n=1), I158V (n=1), R160L (n=1), G164N (n=1), E165P (n=1), 334 L167I (n=1), K172I (n=1), L193I (n=1), and V194I (n=1). Mutations generated and assayed in 335 ScHsp90 include: T5S (n=3), E7A (n=4), T13N (n=3), V23F (n=2), N151A (n=3), L378I (n=2), 336 double mutants E7A/T13N (n=3), E7A/N151A (n=3), T13N/N151A (n=3), V23F/T13N (n=1), 337 V23F/N151A (n=1), E7A/L378I (n=1), V23F/L378I (n=1) and triple mutants E7A/T13N/N151A 338 (n=2) and V23F/T13N/N151A (n=1). 339
Robustness of results to statistical uncertainty and technical variables. The 340
conclusion that the typical ancestral state is deleterious in ScHsp90 is robust to the exclusion of 341 20 ancestral states that have posterior probability < 1.0 at all ancestral nodes along the trajectory 342 (P = 4.5 ´ 10 -14 , Wilcoxon rank sum test with continuity correction). The mutation to one 343 ancestral state was missed in the bulk competition: its selection coefficient was inferred 344 separately via monoculture, and including it in the analysis still leads to the conclusion that the 345 typical ancestral state is deleterious (P = 7.8 ´ 10 -17 , Wilcoxon rank sum test with continuity 346 correction). 347
The conclusion that the average derived state is deleterious in ancAmoHsp90 is retained 348 when we include only the 32 mutations for which the ancAmoHsp90 state is inferred with a 349 posterior probability of 1.0 and the derived state is inferred with posterior probability 1.0 in at 350 least one node along the trajectory (P = 1.1 ´ 10 -4 , Wilcoxon rank sum test with continuity 351 correction). The conclusion is also robust if we include selection coefficients as determined 352 separately via monoculture for mutations to 11 derived states that were missed in the bulk 353 competition (P = 5.4 ´ 10 -4 , Wilcoxon rank sum test with continuity correction).
Our assay reduces Hsp90 expression to ~1% of the endogenous level 46 , which amplifies 355 the fitness consequences of Hsp90 defects. Based on the relationship between Hsp90 function, 356 expression, and growth rate 46 , we estimate that the average selection coefficient of -0.01 we 357 observed associated with contingency or entrenchment corresponds to a deficit of approximately 358 s = -5 ´ 10 -6 under native-like expression levels. 359
Expected versus observed fitness. To identify epistasis between candidate interacting 360 sites (e.g. Fig. 4a-d) or among the broader set of substitutions (e.g. Fig. 2) , we compared the 361 observed fitness of genotypes with multiple mutations to that expected in the absence of 362 epistasis. In the absence of epistatic interactions, selection coefficients combine additively 52 . We 363 therefore calculated the expected selection coefficient of a genotype as the sum of selection 364 coefficients of its component mutations as measured independently in a reference background 365 (ancAmoHsp90 or ScHsp90). The standard error of a predicted fitness given the sum of selection 366 coefficients was calculated as the square root of the sum of squared standard errors of the 367 individual selection coefficient estimates, as determined from the duplicate bulk competition 368 measurements. Epistasis was implicated if the observed fitness of a genotype differed from that 369 predicted from the sum of its corresponding single-mutant selection coefficients. 370
Estimating the fraction of deleterious mutations. We sought to determine the fraction 371 of mutations in each dataset that are deleterious using a modeling approach that incorporates 372 measurement error and which does not require individual mutations to be classified as 373 deleterious, neutral, or beneficial. We used the mixtools package 53 in R to estimate mixture 374 models of underlying Gaussian distributions that best fit the observed distributions of mutant 375 selection coefficients in each library. First, to incorporate measurement error in the model for 376 each library, we fit a single Gaussian distribution to the measured selection coefficients of 377 replicate wildtype sequences that were present in the library but represented by independent 378 barcodes. We then required one of the Gaussian distributions in each mixture model to have a 379 mean and standard deviation fixed to that of the wildtype measurements, with a freely estimated 380 mixture proportion. The other Gaussian components in each mixture model had a freely fit mean, 381 standard deviation, and mixture proportion. Mixture models were fit to all non-outlier selection 382 coefficients, because the presence of strongly deleterious selection coefficients (s < -0.04), which 383 are unambiguously deleterious, interfered with model convergence. We assessed mixture models 384 with a variable number of mixture components (k = 2 to 6 for the ancAmoHsp90 library and 2 to 385 5 for the ScHsp90 library, because the 6-component model would not converge), and obtained 386 the maximum likelihood estimate of each component's mean, standard deviation, and mixture 387 proportion via an expectation-maximization algorithm as implemented in mixtools. We 388 compared the models built for each k using AIC. For ScHsp90, the 3-component mixture model 389 was favored by AIC (Extended Data Fig. 4a ). For ancAmoHsp90, the 2-component and 5-390 component mixture models had virtually indistinguishable AIC (Extended Data Fig. 6a ), but the 391 2-component mixture model had a visually suboptimal fit (Extended Data Fig. 6c,d) and 392 attributed a larger proportion of mutations as belonging to a deleterious sampling distribution 393 (0.78 versus 0.53 for the 5-component mixture model), so we selected the more conservative and 394 visually superior 5-component mixture model. 395
The mixture component derived from the wildtype sampling distribution was taken to 396 represent genotypes in the library with fitness indistinguishable from wildtype; mixture 397 components with mean < 0 were taken to reflect deleterious variants; and mixture components 398 with mean > 0 were taken to reflect beneficial variants. For each variant, the posterior probability 399 of being deleterious, neutral, or beneficial was determined from the relative probability density 400 function for mixture components in each category at the selection coefficient measured for that 401 mutation; for variants with s < -0.04 that were excluded from model inference, the posterior 402 probability of being deleterious was 1. The total fraction of variants in the library that are 403 deleterious (or beneficial) was determined by summing the posterior probabilities of being 404 deleterious (or beneficial) over all mutants. To generate the representations in Figures 1c and 3a , 405 posterior probabilities were summed separately for the set of measurements that fall within each 406 histogram bin. 407
Uncertainty in the estimated fraction of mutations that are deleterious or beneficial was 408 determined via a bootstrapping procedure. For each of 10,000 bootstrap replicates, measured 409 selection coefficients from the bulk competition were resampled with replacement. Mixture 410 models with fixed k were fit to each bootstrap sample, and the estimated fractions of mutations in 411 deleterious, neutral, or beneficial sampling distributions were determined as above. 412
To estimate the probability that a pair of states exhibit contingency and/or entrenchment, 413 we calculated the joint posterior probability as the product of the probabilities that each pair of 414 sites is in the relevant selection category (ancestral state with fitness greater than, less than, or 415 indistinguishable from the derived state) in the ScHsp90 and the ancAmoHsp90 backgrounds. 416
For sites that substituted from the ancAmoHsp90 state i to the ScHsp90 state j (i®j, n = 35), i is 417 the ancestral state and j the derived state for measurements in both backgrounds. For sites that 418 substituted from the ancAmoHsp90 state i to an intermediate state j before substituting back to i 419 in ScHsp90 (i®j®i, n=12), then i is the ancestral state and j derived in ancAmoHsp90 assay, 420 and j is the ancestral state and i derived in ScHsp90. For sites that substituted from the 421 ancAmoHsp90 state i to an intermediate state j that was further modified to k in ScHsp90 422 (i®j®k, n=25), two comparison were made: in the first, i was ancestral and k was derived for 423 measurements in both backgrounds, while in the second comparison, i was ancestral and j 424 derived in ancAmoHsp90, and j ancestral and k derived in ScHsp90. In each histogram bin, white and grey show the proportion of ancestral states with selection coefficients in that range that are estimated to be neutral or deleterious, respectively, when measurement error is taken into account. Median of the distribution is significantly less than zero (P = 1.2 ´ 10 -16 , Wilcoxon rank sum test with continuity correction), a conclusion robust to excluding ancestral states that are reconstructed with any statistical ambiguity (P = 4.5 ´ 10 -14 ).
Figure 2 | Fitness effects of historical substitutions are modified by intramolecular epistasis.
For each node along the trajectory from ancAmoHsp90 to ScHsp90 (black line), the predicted or actual selection coefficient of the entire genotype is represented from green (s = 0) to orange (s = -1.5). a, The Hsp90 phylogeny, represented as in Fig. 1a. b , The predicted selection coefficient of each ancestral sequence relative to ScHsp90 was calculated as the sum of the selection coefficients of each ancestral state present in that ancestor when measured individually in ScHsp90. c, The predicted selection coefficient of each sequence relative to ancAmoHsp90 was calculated as the sum of the selection coefficients of each derived state present at that node when measured individually in ancAmoHsp90. d, The experimentally determined selection coefficients for ancAmoHsp90 and ancAscoHsp90 relative to ScHsp90. For selection coefficients of each genotype, see Extended Data Fig. 6 . In each histogram bin, white shows the proportion of derived states with selection coefficients in that range that are estimated to be neutral; gray, deleterious; blue, beneficial. The median of the distribution is significantly less than zero (P = 5.8 ´ 10 -4 , Wilcoxon rank sum test with continuity correction). b, The fraction of pairs of ancestral and derived states that are inferred to be contingent, entrenched or both. Pairs of ancestral and derived states at each site can be classified by the relative fitness of the two states when measured in ancAmoHsp90 or in ScHsp90: ancestral state more fit (A larger than D), derived state more fit (D larger than A), or fitnesses indistinguishable (A and D same size). The fraction of pairs in each category was estimated from the joint distribution of selection coefficients in both backgrounds.
Figure 4 | Epistatic interactions are specific. a-d,
Large-effect deleterious reversions and restrictive substitutions that contributed to their irreversibility. For each single, double, or triple mutant in ScHsp90, the selection coefficient relative to ScHsp90 is shown, as assessed in monoculture growth assays. Lines connect genotypes that differ by a single mutation; solid lines indicate the effect of the large-effect reversions in each background. Error bars, SEM for 2 to 4 replicates (see Methods). Data points are labeled by amino acid states: lower-case, ancestral state; upper-case, derived state. a, Deleterious reversion V23f is ameliorated by L378i. b, Deleterious reversion E7a is partially ameliorated by N151a or T13n. c, L378i does not ameliorate E7a. d, N151a and T13n do not ameliorate V23f. e-f, Expected relationship under two models of epistasis between selection coefficients of ancestral-to-derived mutations (s ij ) when introduced into ancestral (x-axis) or derived (y-axis) backgrounds. e, Nonspecific epistasis: if genetic interactions are the nonspecific result of a threshold-like, buffering relationship between stability (or another bulk property) and fitness 15, 29 , then the effects of strongly deleterious mutations will be positively correlated between the two backgrounds, but weakly deleterious mutations in the less stable background may be neutral in the more stable background (yellow, ancAmoHsp90 more stable; green, ScHsp90 more stable). f, Specific epistasis: if interactions reflect specific couplings between sites, then mutations from ancestral to derived states can be deleterious in the ancestral background but beneficial in the derived background (upper left quadrant). g, Measured selection coefficients for ancestral-derived state pairs that differ between ancAmoHsp90 and ScHsp90. Dashed lines, s = 0. Error bars, SEM from two replicate bulk competition measurements. r, Pearson correlation coefficient and associated P value. Two additional points that are strongly deleterious outliers in the ScHsp90 or ancAmoHsp90 data are not shown for clarity and are not included in the correlation; both fall in the upper-left quadrant. h, Daisy-chain model of specific epistatic interactions. Each square shows the mutant cycle for a pair of substitutions (A and B or B and C; lower-case, ancestral state; upper-case, derived), one of which is permissive for the other. Each circle is a genotype colored by its fitness (w): white, neutral; orange, deleterious. Edges are single-site amino acid changes. The cube shows the combined mutant cycle for all three substitutions. Permissive substitutions become entrenched when the mutation that was contingent upon it occurs. Substitutions in the middle of the daisychain, which require a permissive mutation and are permissive for a subsequent mutation, are both contingent and entrenched.
